1. Introduction {#sec1-molecules-25-02903}
===============

Influenza A virus is responsible for recurring seasonal and pandemic outbreaks that cause significant morbidity and mortality worldwide. While, vaccination remains the most effective method of influenza prevention and control, it is not always effective against emerging and circulating seasonal influenza strains, and pandemic strains can spread faster than the development of an effective vaccine. While several classes of influenza antivirals are available and widely used, the risk of resistance to these antivirals continues to be a concern \[[@B1-molecules-25-02903]\]. Therefore, the discovery and development of new antivirals against influenza A remain needed.

M2 of influenza A virus is a 97 amino acid, type I transmembrane protein that forms a tetrameric ion channel that is proton-gated and proton-selective \[[@B2-molecules-25-02903],[@B3-molecules-25-02903],[@B4-molecules-25-02903]\]. Following viral entry, M2 channels, expressed on the virion surface conduct protons, from increasingly acidic host cell endosomes into the virion interior, thereby promoting viral-host membrane fusion and viral ribonucleoprotein release into the host cell cytoplasm. In some cases, M2 on host cell membranes can also conduct protons to elevate secretory vesicle pH, which in turn, delays egress of nascent viral particles and prevents viral hemagglutinin from prematurely adopting a nonfunctional, low pH conformation \[[@B5-molecules-25-02903],[@B6-molecules-25-02903]\]. M2 ion channel activity is essential for influenza A virus replication, and the licensed M2 inhibitors amantadine (1) and rimantadine (2; [Figure 1](#molecules-25-02903-f001){ref-type="fig"}A), which target and occlude the M2 channel pore, were historically used as antivirals. However, drug-resistant virus strains are now so prevalent that adamantanes are no longer recommended for use \[[@B1-molecules-25-02903],[@B7-molecules-25-02903],[@B8-molecules-25-02903]\]. More than 95% of adamantane-resistant influenza A virus strains contain a serine to asparagine mutation at position 31 in M2 (S31N) \[[@B7-molecules-25-02903]\]; this mutation distorts interactions of adamantanes with M2 pore-lining residues without affecting M2 ion channel activity or viral fitness \[[@B4-molecules-25-02903]\]. However, while several adamantane- and non-adamantane-based inhibitors of M2(S31N) have been recently described \[[@B4-molecules-25-02903]\], none are currently licensed for use in humans. Therefore, the discovery of additional inhibitors of M2(S31N), including those representing distinct and, as of yet, unconsidered chemical scaffolds, is warranted as part of ongoing efforts to restore this therapeutic gap.

One method toward identifying new antivirals involves virtual screening (VS) of compound databases followed by functional validation of screening hits and molecular docking studies \[[@B9-molecules-25-02903],[@B10-molecules-25-02903],[@B11-molecules-25-02903],[@B12-molecules-25-02903]\]. In this approach, one or more pharmacophores shared by bioactive compounds are first identified. These pharmacophores are then used to probe virtual chemical libraries for related structural configurations. We previously reported the use of VS to identify novel inhibitors of HIV-1 replication and HIV latency reversal, thereby demonstrating the feasibility of this approach \[[@B13-molecules-25-02903],[@B14-molecules-25-02903]\]. We and others have also shown that libraries of pure compounds, derived from natural products, are rich sources of antivirals with distinct structural diversity \[[@B13-molecules-25-02903],[@B15-molecules-25-02903],[@B16-molecules-25-02903],[@B17-molecules-25-02903],[@B18-molecules-25-02903]\].

Based on these observations, we hypothesized that screening of natural product-derived chemical libraries may identify new M2(S31N) inhibitors and influenza antivirals. We, therefore, performed a VS-based study of pure compound libraries derived from marine and terrestrial sources in addition to the pan-African Natural Products Library (p-ANAPL) \[[@B13-molecules-25-02903],[@B19-molecules-25-02903]\]. We report here the results of this screen and discovery of chebulagic acid as an inhibitor of influenza replication, which also acts on M2(S31N).

2. Results {#sec2-molecules-25-02903}
==========

2.1. Discovery of Chebulagic Acid as a Candidate M2(S31N)Inhibitor by Virtual Screening {#sec2dot1-molecules-25-02903}
---------------------------------------------------------------------------------------

To identify shared pharmacophores that may underlie M2(S31N) inhibition, we assembled a series of adamantane and non-adamantane-based compounds that were previously reported to inhibit M2(S31N) bioactivities ([Figure 1](#molecules-25-02903-f001){ref-type="fig"}B,C). For adamantane-based structures, four compounds were selected ([Figure 1](#molecules-25-02903-f001){ref-type="fig"}B). These included M2WJ352 and M2WJ332 (compounds **3** and **4**, respectively), which are reported to selectively inhibit M2(S31N), as measured by two-electrode voltage clamp (TEVC)-based electrophysiology (reported half-maximal inhibitor concentration (IC~50~) of M2 current = 14, and 16 µM, respectively). In contrast, neither blocked more than 20% of M2(S31) currents at 100 µM, indicating selectivity for M2(S31N). Compounds **3** and **4** were also reported to inhibit replication of influenza A virus with M2(S31N), as measured by plaque reduction assay (reported half-maximal effective concentration (EC~50~) = 14 and 0.1 µM, respectively) \[[@B20-molecules-25-02903]\]. We also selected compound **5**, a benzodiol derivative, which was reported to block both M2(S31) and M2(S31N) currents in TEVC (IC~50~s = 60 and 35 µM, respectively) and viral replication in plaque reduction assays (EC~50~s = 1 and 3.2 µM) \[[@B21-molecules-25-02903]\]. Although not assessed by TEVC or plaque reduction assay, a thiophene derivative (compound **6**) was selected as it restores growth of bacteria expressing M2(S31N), which would otherwise inhibit bacterial growth, with an EC~50~ of 25 µM \[[@B22-molecules-25-02903],[@B23-molecules-25-02903]\]. We also selected two non-adamantane based compounds with reported activity against M2(S31N) ([Figure 1](#molecules-25-02903-f001){ref-type="fig"}C). Compound **7**, a pinanamine derivative, was reported to inhibit 27% of M2(S31N) and 96% of M2(S31)-dependent currents at 100 µM, as measured by TEVC, although it was effective only against M2(S31)-containing viruses in plaque reduction assays \[[@B24-molecules-25-02903]\]. In contrast, compound **8**, a derivative of hexamethylene amiloride, inhibited 32% of M2(S31N)-dependent currents at 100 µM, but not M2(S31) currents, as measured by single electrode voltage clamp electrophysiology of M2-transfected HEK cells \[[@B25-molecules-25-02903]\].

To identify common pharmacophores for these compounds, three-dimensional conformations were generated using the (default) MMFF94x force field \[[@B26-molecules-25-02903]\], which was implemented using Molecular Operating Environment (MOE) software. To accomplish this, we used the protocol of Daveu et al. (1999) \[[@B27-molecules-25-02903]\], as we were previously successful with this method to identify inhibitors of HIV replication by VS from natural product libraries \[[@B13-molecules-25-02903]\]. The six selected M2(S31N) inhibitors, used to identify potentially bioactive pharmacophores, were split in two based on the presence (compounds **3** to **6**) or absence (compounds **7** and **8**) of the adamantane ring system. As a result, two sets of pharmacophore queries were generated; one from analogues containing the adamantane group ([Figure 2](#molecules-25-02903-f002){ref-type="fig"}A); the other from the remaining compounds ([Figure 2](#molecules-25-02903-f002){ref-type="fig"}B). The common pharmacophore features derived from the superposition of compounds **3** to **6** (pharmacophore I) included the hydrophobic centers around the adamantane moiety (Hyd), the donor/acceptor features on the NH group of the secondary amine (Don&Acc), and the hydrophobic center represented by the benzene ring in compound **3** and the thiophene in compounds **4** and **6** (Hyd) ([Figure 2](#molecules-25-02903-f002){ref-type="fig"}A). In contrast, the common pharmacophore features from superposing compounds **7** and **8** (pharmacophore II) included the aromatic feature of the benzene ring in compound **8** (shown in green on [Figure 2](#molecules-25-02903-f002){ref-type="fig"}B), which coincided with the aromatic feature (Aro) of the imidazole ring of compound **7** (shown in red on [Figure 2](#molecules-25-02903-f002){ref-type="fig"}B), in addition to one of the acceptor features of the piperazine in compound **8** superposing upon the donor-acceptor feature of the NH group of the secondary amine in compound **7** ([Figure 2](#molecules-25-02903-f002){ref-type="fig"}B).

The common pharmacophore features of the six compounds described in [Figure 2](#molecules-25-02903-f002){ref-type="fig"}A,B were then used in the virtual screening of the previously virtualized p-ANAPL and the newly virtualized marine and terrestrial natural products compound library (See Materials and Methods) \[[@B18-molecules-25-02903],[@B19-molecules-25-02903]\]. We chose natural product libraries for searching by VS, based on our previous observations that the chemical diversity of these libraries \[[@B18-molecules-25-02903],[@B19-molecules-25-02903]\] may increase the likelihood of identifying bioactive viral inhibitors \[[@B13-molecules-25-02903],[@B17-molecules-25-02903]\]. Using pharmacophore I, a "hit" list comprising 6 compounds from the marine and terrestrial natural product library and 10 from p-ANAPL were identified with the lowest RMSD values ranging from 0.87 to 0.99 and from 0.76, to 0.95, respectively. Using pharmacophore II identified 7, and 22 compounds, respectively, with the lowest RMSD values ranging from 0.49 to 0.67 and 0.45 to 0.75. These compounds were prioritized for "drug-likeness" including no more than 2 Lipinski violations, the number of pharmacophore features of the hit compound, and the feasibility for further medicinal chemistry oriented synthesis (often indicated by higher computed synthetic accessibility scores), as previously described \[[@B19-molecules-25-02903]\]. We also prioritized compounds by how many milligrams of the compound sample were available for in vitro validation. As a result, 8 compounds (**9--16**) were selected for further biological validation and included 3 from p-ANAPL ([Figure 2](#molecules-25-02903-f002){ref-type="fig"}C) and 5 from the marine and terrestrial natural product library ([Figure 2](#molecules-25-02903-f002){ref-type="fig"}D). The latter set included chebulagic acid (compound **16**), which also had the lowest RMSD value of selected compounds obtained by the VS (0.55 against pharmacophore II).

2.2. Chebulagic Acid Inhibits M2(S31N)Activity In Vitro {#sec2dot2-molecules-25-02903}
-------------------------------------------------------

To assess the ability of VS hits to inhibit M2 activity in vitro, we employed a previously-described yeast growth restoration assay \[[@B28-molecules-25-02903],[@B29-molecules-25-02903]\]. Briefly, *Saccharomyces cerevisiae* strains contain a multicopy plasmid of M2(S31N) or M2(S31) from the Udorn strain of influenza A under the control of the inducible GAL1 promoter. As a result, galactose-induced M2 expression inhibits yeast growth over time, as measured by culture turbidity. However, the co-incubation of galactose-treated cells with non-toxic inhibitors of M2 restores yeast growth.

To validate the use of this assay, we induced expression of M2(S31N) in yeast in the presence of the control M2(S31N) inhibitor M2WJ352 (compound **3**) or control M2(S31) inhibitor amantadine (**1**). After 20 hours' incubation, expression of M2(S31N) reduced yeast growth to 30.6 ± 11.6% (mean ± SD) of the strain treated with glucose, while expression of M2(S31) reduced growth to 24.4 ± 12.9% of glucose-treated cells. However, while the growth of the M2(S31N)-expressing yeast strain was not affected by the addition of up to 30 µM amantadine (i.e., restoring \< 10% of yeast growth), incubation with 30 µM M2WJ352 induced an average of 27.1 ± 8.3% increased growth relative to untreated M2(S31N)-expressing cells ([Figure 3](#molecules-25-02903-f003){ref-type="fig"}A), consistent with the selective inhibition of M2(S31N) by M2WJ352 but not amantadine. Conversely, while M2WJ352 did not substantially restore growth of M2(S31N)-expressing yeast at up to 30 µM, amantadine restored growth with clear dose-dependence. For example, 0.3 µM amantadine restored an average of 17.8 ± 3.0% yeast growth in 3 independent experiments, while 10 µM restored up to 37.9 ± 5.6% growth ([Figure 3](#molecules-25-02903-f003){ref-type="fig"}B). These results are consistent with previously reported growth restoration data \[[@B29-molecules-25-02903]\] and the inhibitory properties of amantadine and M2WJ352 as measured by electrophysiology \[[@B20-molecules-25-02903],[@B25-molecules-25-02903]\].

We next assessed the ability of the 8 compounds identified from the VS to restore growth of M2(S31N)-expressing yeast at 25 µg/mL ([Figure 3](#molecules-25-02903-f003){ref-type="fig"}C). Two compounds (**12** and **15**) resulted in substantially reduced turbidity (22.1 ± 3.9 and 70.4 ± 0.1% reduced growth, respectively) and clear cell death as observed by microscopy and were not considered further. However, three compounds restored at least 10% yeast growth at 25 µg/mL including compounds **10**/agathisflavone (20.9 ± 4.4%), **13**/thiocillin I (16.9 ± 9.2%), and **16**/chebulagic acid (29.5 ± 4.4%) ([Figure 3](#molecules-25-02903-f003){ref-type="fig"}C). These results suggest that a subset of compounds identified by VS might counteract the detrimental effects of M2(S31N) expression on yeast growth, where the activity of 25 µg/mL (\~26.2 µM) chebulagic acid is on par with the activity of 30 µM M2WJ352. Notably, none of the 8 compounds restored \> 10% growth of yeast expressing M2(S31), with all observed activities within the biological noise of the assay ([Figure 3](#molecules-25-02903-f003){ref-type="fig"}D). These results suggest that chebulagic acid restores growth in yeast cells selectively expressing M2(S31N).

2.3. Molecular Simulation of Chebulagic Acid with Both Wild-Type and Mutant Forms of M2 Viroporin {#sec2dot3-molecules-25-02903}
-------------------------------------------------------------------------------------------------

To investigate how chebulagic acid may interact with M2, we next performed molecular docking studies with it and the M2 transmembrane domain tetramer (PDB code: 2LY0, NMR structure of residues 19--49 of M2 (H3N2) in dodecylphosphocholine micelles) \[[@B20-molecules-25-02903]\]. This was computationally modified to include S31 when necessary, as described in the literature \[[@B21-molecules-25-02903]\]. As chebulagic acid was too large to fit within the M2 pore, we assumed that only one or more portions of the molecule were functionally active. We investigated the docking of two predicted hydrolysis reaction products: the galloyl unit (P1) and the chebuloyl unit (P2) ([Figure 4](#molecules-25-02903-f004){ref-type="fig"}). P1 and P2 were separately docked to both M2(S31N) and M2(S31), and the top-ranking poses for each docked complex with the tightest binding affinities were selected and analyzed. Computed binding affinities for P1 and P2 towards M2(S31N) and M2(S31) are shown in [Table 1](#molecules-25-02903-t001){ref-type="table"}. Protein-ligand interactions for docking poses of P1 and P2 are further shown in 2-dimensional configuration in [Figure 5](#molecules-25-02903-f005){ref-type="fig"} and in 3 dimensions in [Figure 6](#molecules-25-02903-f006){ref-type="fig"}.

In both cases (docking with P1 and P2), we observed that conformations with lower binding energies were observed when the ligand interacted with the S31N form of M2. In comparison, the docking of P2 with M2(S31) resulted in a positive (i.e., lack of) binding affinity and unfavorable interactions between the docked ligand and the protein ([Figure 5](#molecules-25-02903-f005){ref-type="fig"}D). The enthalpic contributions to the free binding energies of binding (ΔG) obtained from the Affinity dG scoring shown in [Table 1](#molecules-25-02903-t001){ref-type="table"} further suggested more favorable binding of P1 and P2 within M2(S31N)(ΔG = −39.75 and −30.17 kcal/mol, respectively), when compared with binding to the S31 form.

The highly conserved histidine residue at position 37 (H37) within the M2 pore is responsible for shuttling protons through the channel \[[@B4-molecules-25-02903]\] and is essential for M2 activity. The docking data suggest that, in the presence of Asn at position 31, a series of stabilizing H-bond interactions are elicited including between H37 and the chebulagic acid hydrolysis fragments ([Figure 5](#molecules-25-02903-f005){ref-type="fig"}A,C; [Figure 6](#molecules-25-02903-f006){ref-type="fig"}A,C). In the context of M2(S31N), these interactions would be predicted to disrupt proton flow across the H37 proton shuttle, thereby inhibiting M2(S31N). In contrast, none of these interactions were observed in the context of M2(S31) for P1 ([Figure 5](#molecules-25-02903-f005){ref-type="fig"}B and [Figure 6](#molecules-25-02903-f006){ref-type="fig"}B), while only weak cation-π interactions were observed for P2 ([Figure 5](#molecules-25-02903-f005){ref-type="fig"}D and [Figure 6](#molecules-25-02903-f006){ref-type="fig"}D). These results suggest that chebulagic acid hydrolysis fragments selectively interact with M2(S31N) and its H37 residue to occlude the M2(S31N) pore.

2.4. Chebulagic Acid Inhibits Influenza Virus Replication {#sec2dot4-molecules-25-02903}
---------------------------------------------------------

To confirm whether the observed selectivity of chebulagic acid to inhibit M2(S31N) extended to antiviral activities, we assessed the ability of chebulagic acid to inhibit influenza A virus replication. We used a previously described reverse genetic system \[[@B30-molecules-25-02903]\] to generate A/Puerto Rico/8/34 (PR8) strains that encode M2 exclusively with N31 or S31 (PR8~M2(S31N)~ or PR8~M2(S31)~, respectively). In both cases, the endogenous T27 mutation was also reverted to the wild-type V27 sequence. Viruses were first used in assays to measure inhibitory concentrations, as described previously \[[@B31-molecules-25-02903]\], where target Madin-Darby canine kidney (MDCK) cells were observed for morphological changes, consistent with virus-mediated toxicity, 2 and 3 days following infection with a 50 \* median tissue culture infection dose (TCID~50~) of virus.

Using this approach, amantadine was observed to selectively inhibit cytopathic effects in MDCK monolayers due to PR8~M2(S31)~ (minimal inhibitory concentration = 1.8 ± 2.3 µM) but not PR8~M2(S31N)~ as expected (inhibitory concentration \> 100 µM; [Table 2](#molecules-25-02903-t002){ref-type="table"}). Similarly, M2WJ352 selectively inhibited cytopathic effects in monolayers infected with PR8~M2(S31N)~ (inhibitory concentration = 17.6 ± 19.3 µM; mean ± SD) but not PR8~M2(S31)~ (inhibitory concentration \> 100 µM). Notably, in this assay chebulagic acid also inhibited cytopathic effects due to PR8~M2(S31N)~ with an inhibitory concentration of 17.2 ± 15.2 but also inhibited cytopathic effects due to PR8~M2(S31)~ (inhibitory concentration = 32.4 ± 24.7 µM; [Table 2](#molecules-25-02903-t002){ref-type="table"}). No evidence of cytotoxicity was observed with up to 100 µM chebulagic acid. Further, no antiviral activity was observed for compounds **10** and **13** at up to 75 µg/mL (approximately 140, and 65 µM, respectively).

We then assessed the ability of chebulagic acid to inhibit virus replication in plaque reduction assays as described previously ([Table 3](#molecules-25-02903-t003){ref-type="table"}) \[[@B25-molecules-25-02903],[@B30-molecules-25-02903]\]. As expected, amantadine effectively inhibited PR8~M2(S31)~ replication (EC~50~ = 0.16 ± 0.02 µM; mean ± s.e.m.) but not PR8~M2(S31N)~ (EC~50~ \> 5 µM), while M2WSJ352 selectively inhibited PR8~M2(S31N)~ (EC~50~ = 3.2 ± 1.2 µM) over PR8~M2(S31)~ (EC~50~ = 32.7 ± 16.1 µM). In contrast, chebulagic acid inhibited both PR8~M2(S31N)~ and PR8~M2(S31)~ (EC~50~s = 60.9 ± 22.0 and 50.3 ± 26.4 µM, respectively). Taken together, these results indicate non-selective antiviral activity by chebulagic acid against both M2(S31N) and M2(S31)-containing strains of influenza.

3. Discussion {#sec3-molecules-25-02903}
=============

Due to the recurring threats of novel seasonal and pandemic influenza strains, antivirals that can effectively supplement existing vaccination strategies continue to be needed. This is particularly the case against the M2 viral protein, as nearly all currently circulating virus strains are resistant to licensed M2-based antivirals due to N31 in M2. Here we describe a VS-based approach to identify natural product-derived pure compounds which structurally resemble known M2(S31N) inhibitors. In cell culture, chebulagic acid also restores the growth of M2(S31N)-expressing yeast cells and inhibits virus replication. Although it is formally possible that this observation is due to the ability of chebulagic acid to restore yeast growth by a mechanism other than M2, this appears unlikely as growth restoration was observed by 25 µg/mL chebulagic acid only in the presence of M2(S31N) and not M2(S31). We also show that chebulagic acid hydrolysis fragments interact within the M2 pore to block proton transport in molecular modeling studies. Chebulagic acid represents a novel, putative chemical scaffold from which to develop additional inhibitors of adamantane-resistant M2.

Chebulagic acid is a hydrolysable tannin most frequently reported to originate from *Terminalia chebula* Retz. \[[@B32-molecules-25-02903]\], although it has also been isolated from several other plants \[[@B33-molecules-25-02903],[@B34-molecules-25-02903],[@B35-molecules-25-02903]\]. It is reported to exhibit numerous in vitro and/or in vivo bioactivities, including anti-inflammatory \[[@B36-molecules-25-02903],[@B37-molecules-25-02903],[@B38-molecules-25-02903]\], anti-angiogenic \[[@B39-molecules-25-02903],[@B40-molecules-25-02903]\], antitumor \[[@B41-molecules-25-02903],[@B42-molecules-25-02903]\], and glucose uptake regulation properties \[[@B43-molecules-25-02903],[@B44-molecules-25-02903],[@B45-molecules-25-02903],[@B46-molecules-25-02903]\], among others. Chebulagic acid is also reported to exhibit broad-spectrum antiviral activity through interfering with multiple viral targets. For example, it inhibits the entry of herpes simplex virus 1 and other viruses by antagonizing the interactions of viral glycoprotein and cell-surface glycosaminoglycans \[[@B47-molecules-25-02903],[@B48-molecules-25-02903],[@B49-molecules-25-02903],[@B50-molecules-25-02903]\]. It can also inhibit the viral NS3--4A protease of hepatitis C at low micromolar concentrations \[[@B33-molecules-25-02903]\] and may also target the capsid protein of coxsackievirus A16 \[[@B51-molecules-25-02903]\]. Notably, 1 mg/kg chebulagic acid also reduced mouse mortality following a lethal dose of human enterovirus 71, indicating that antiviral activity extends to in vivo models \[[@B52-molecules-25-02903]\].

More recently, chebulagic acid was reported to inhibit in vitro replication of a panel of influenza A viruses including PR8, as determined by viral yield reduction assays where culture supernatants of infected MDCK cells plus inhibitors were harvested at 24 h post-infection and titered against fresh target MDCK cells \[[@B53-molecules-25-02903]\]. In these assays, the authors observed EC~90~s in the single micromolar range (e.g., 1.26 µM), or comparable to the control inhibitor oseltamivir carboxylate (EC~90~ = 3.92 µM), while less activity was observed against influenza B viruses. Interestingly, using a reporter virus with single-cycle infection conditions, the authors also showed no inhibitory effect on influenza A virus entry or RNA replication. Rather, chebulagic acid was observed to block viral release and neuraminidase activity in an enzyme inhibition assay, although the latter activity was observed at 100-fold higher concentrations than what was observed to inhibit viral replication \[[@B53-molecules-25-02903]\].

Consistent with these observations, we also observe that chebulagic acid inhibits viral replication in both 50× TCID~50~ and plaque reduction assays. However, we observed antiviral activities at much higher concentrations (i.e., \~17--34 µM in 50× TCID~50~-based cytopathic assays and notably only \~50--61 µM in plaque reduction assays), which may potentially correspond to M2-independent functions. While, the weaker antiviral activity of chebulagic acid is not immediately clear, these differences could reflect our use of assays that measure primary effects of chebulagic acid on viral replication, as opposed to secondary effects of infected culture supernatants reported previously \[[@B53-molecules-25-02903]\]. We also observed similar inhibition of virus strains containing either M2(S31N) or M2(S31), which further supports that chebulagic acid is likely to act on one or more additional viral or host targets independent of M2.

However, using an established yeast growth restoration assay and molecular modelling, we show that chebulagic acid, or at least its hydrolysis fragments, also interfere with M2(S31N). As M2 is required for the initiation of viral-host membrane fusion and viral ribonucleoprotein release into the cytoplasm \[[@B4-molecules-25-02903]\], these results initially appear at odds with the recent observations from Li et al. (2020) \[[@B53-molecules-25-02903]\]. One possibility is that, while chebulagic acid and/or its hydrolysis fragments are able to inhibit M2 in vitro, this inhibition is insufficient to fully block viral entry into the host cytoplasm. Alternatively, chebulagic acid's effects on M2 may be more relevant in inhibiting viral egress, where M2 is also reported to play a role \[[@B5-molecules-25-02903],[@B6-molecules-25-02903]\].

Taken together, chebulagic acid is likely to inhibit influenza A virus by targeting multiple mechanisms including M2(S31N) and also serves as a chemical starting point for the development of potential M2(S31N) inhibitors, which are structurally distinct from existing agents. The development of chebulagic acid derivatives as influenza antivirals may also be attractive as its ability to target multiple viral factors may reduce the risk of emerging viral resistance over time. However, further studies are necessary to determine the antiviral potential of chebulagic acid. For example, viral outgrowth studies in the long-term presence of chebulagic acid may help to identify resistance mutations in M2, neuraminidase, and/or other viral proteins. Future studies of the effects of chebulagic acid and/or analogues on M2 should also be performed using electrophysiological measures, such as TEVC, although care must be taken to ensure that sufficient hydrolysis fragments are available to allow for the proposed interactions of chebulagic acid with the M2 pore.

4. Materials and Methods {#sec4-molecules-25-02903}
========================

4.1. Materials and Reagents {#sec4dot1-molecules-25-02903}
---------------------------

MDCK cells were obtained from the American Tissue Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco's MEM (Life Technologies, Burlington, ON, Canada) plus 10% fetal calf serum, 100 U/mL penicillin, and 100 µg/mL streptomycin (DMEM+). All p-ANAPL and marine and terrestrial natural product library compounds were previously confirmed to be at least 95% pure \[[@B18-molecules-25-02903],[@B19-molecules-25-02903]\]. Amantadine hydrochloride was obtained from Sigma, Oakville, ON, Canada. M2WJ352 was synthesized as described previously \[[@B20-molecules-25-02903],[@B25-molecules-25-02903]\]. Additional sources of chebulagic acid were obtained as a powder from MedChemExpress (Monmouth Junction, NJ, USA).

4.2. Pharmacophore-Based Virtual Screening Methods {#sec4dot2-molecules-25-02903}
--------------------------------------------------

Virtual screening was carried out using the Pharmacophore Query Editor implemented within the Molecular Operating Environment software 2012 version (MOE, Chemical Computing Group, Montreal, Canada). Briefly, during the preliminary molecular modelling, leading to the generation of low energy conformations of the bioactive compounds reported in the literature, the force field parameters were kept at their default values of the strain limit of 4 kcal/mol and conformations limit of 250 conformations/molecule. The other settings were kept at their default values, except for the 'split output' option and 'input filters' which were turned off. Using the MOE Pharmacophore Query Editor, a pharmacophore query was created that consisted of a set of constraints on the location and type of pharmacophore features to be used for searching the database for molecular conformations. The query was created and saved, to be used later in a pharmacophore search.

The common pharmacophore features of the six compounds described in [Figure 1](#molecules-25-02903-f001){ref-type="fig"} were then used in the virtual screening of both the previously virtualized p-ANAPL and the newly virtualized marine and terrestrial natural products compound library. Two pharmacophore queries were performed. For query 1, compounds with at least six common query features were selected as potential leads in this search, while for query 2, compounds with at least three common query features were selected.

Selected leads were measured against a database that was already enriched by a factor of 10 using MACCS fingerprints, while features for an aligned set of compounds were suggested by using a pharmacophore consensus. The implemented algorithm then generates very similar compounds (10 times the number of known input active compounds) to prepare an initial screening set for training the pharmacophore model. This is then screened against several pharmacophore queries, and the query that performs best is selected for further screening. In our case, for example, 60 very similar compounds would be generated for pharmacophores I and II, based on the MACCS fingerprints of the adamantane-based M2 inhibitors. Then, several pharmacophore queries including pharmacophore I and II are used to score the set of 60 similar compounds + 6 known compounds and identify which of the pharmacophore models best discriminates between the 6 known and the 60 highly-similar generated compounds.

Pharmacophore features that may hypothetically contribute to the activity of the M2(S31N) inhibitors reported in the literature were determined by how well the pharmacophore features of the hits fit into the generated common pharmacophores. This is expressed quantitatively as the root mean square deviation (RMSD), where compounds with the lowest RMSD are suggested as "hits."

The virtual library for compounds from a subset of the marine and terrestrial natural product library \[[@B18-molecules-25-02903]\] was generated using a previously explored approach for virtualizing the p-ANAPL library \[[@B19-molecules-25-02903]\] and constituted 205 unique structures. From the computed parameters of the generated virtual library, 78 compounds showed no violations of Lipinski's "Rule of Five" (34.1%) \[[@B54-molecules-25-02903]\], while 140 compounds (68.3%) showed fewer than two violations.

4.3. Yeast Growth-Restoration Assays {#sec4dot3-molecules-25-02903}
------------------------------------

Yeast growth-restoration assays were performed as described in Balgi and Roberge (2009) \[[@B28-molecules-25-02903]\]. Briefly, *Saccharomyces cerevisiae* contain a multicopy plasmid for expression of M2(S31N) or M2(S31) obtained from the Udorn strain of influenza A virus under the control of a GAL1 promoter \[[@B29-molecules-25-02903]\]. Cells were grown overnight at 37 °C and shaking at 200 rpm in Synthetic Complete minus leucine media (SC-L) at pH 6.5 plus 2% glucose to repress M2 expression \[[@B29-molecules-25-02903]\]. Yeast cultures were then washed twice with sterile water and re-suspended in SC-L plus either 2% glucose or 2% galactose to an A620 optical density (OD) reading of 0.1. 100 µL of yeast cells re-suspended in SC-L plus galactose were then added to each well of a 96-well culture plate containing compounds at desired concentrations diluted in SC-L. A control 96-well plate was run in parallel containing *S. cerevisiae* in SC-L or SC-L plus 2% glucose or 2% galactose. Each experimental condition was performed at a minimum in triplicate. Following incubation at 37 °C in a humidifier box for 20 h, plates were gently vortexed at low speed for 1 min to re-suspend cells, and three OD readings at A620 were recorded using an Infinity M200 multimode plate reader (Tecan Life Sciences, Männedorf, Switzerland). The resulting data were then normalized to no inhibitor controls following background subtraction.

4.4. Preparation of Chebulagic Acid for Computational Docking Studies {#sec4dot4-molecules-25-02903}
---------------------------------------------------------------------

Three-dimensional models of P1 and P2, which were based on expected hydrolysis reactions, were generated using the builder module of the graphical user interface of MOE software. Upon addition of partial charges, each part of the ligand was minimized in the gas phase using the OPLS-AA force field \[[@B55-molecules-25-02903]\] until a gradient of 0.001 kcal/mol was attained. Interactions between P1 and P2 with M2 were modelled separately throughout the simulations.

4.5. Preparation of M2(S31N) for Computational Docking Studies {#sec4dot5-molecules-25-02903}
--------------------------------------------------------------

The solution nuclear magnetic resonance (NMR) structure of M2(S31N) complexed with M2WJ332 was retrieved from the Protein Data Bank (PDB ID: 2LY0) \[[@B20-molecules-25-02903]\] and used as the starting point of all simulations. The ligand, all other small molecules, and solvent structures were then removed from the protein. This structure was re-examined and confirmed to contain no random or missing residues. Additional preparation of M2(S31N) for ligand docking was performed using MOE as follows: first, the structure was protonated using default parameters; second, partial charges were computed for each atom of the molecule; and third, energy minimization was performed with gas phase solvation parameters using the all atom OPLS-AA force field until a gradient of 0.001 kcal/mol was attained. The prepared ligand and protein files were then used as input files for subsequent docking calculations with MOE.

To generate the M2(S31) form, the structure described above was modified in situ to replace N31 with S31 as previously described \[[@B25-molecules-25-02903]\] using the builder module of MOE. The structure was then relaxed 4.5 Å around the region where the modification took place. Docking validation was conducted with M2WJ332 (compound **4**) against the M2(S31N) form and amantadine against the M2(S31) form; both docked native ligands showed RMSD values \< 1.5 Å with respect to the X-ray ligand structures. These results were used to locate the box size for conducting the docking of chebulagic acid.

4.6. Docking Calculations {#sec4dot6-molecules-25-02903}
-------------------------

P1 and P2 were separately docked towards the binding pocket of both M2(S31N) and M2(S31) around the vicinity of the co-crystalized M2WJ332 ligand using the Dock module implemented in MOE. To validate the docking protocol, the native ligand M2WJ332 was removed and re-docked into the M2 binding pocket in an attempt to reproduce the original ligand conformation within the binding pocket, with the lowest possible root-mean-square-deviation (RMSD) value. RMSD values at1.5 Å were defined as acceptable for docking validation of the native ligand back into the protein binding site. Several combinations of scoring functions for classifying the initially docked poses, followed by re-scoring of the force field parameterized refined poses, were performed, along with several attempts of validation. The best-retained combination was that of using the initial scoring functions which were set to "London dG" \[[@B56-molecules-25-02903]\], with a force field parameterized refinement and a rescoring function set to "Affinity dG", and the docked ligand giving a retained RMSD of 0.98 Å with respect to the native (co-crystallized) ligand. The London dG scoring function estimates the free energy of binding of the ligand to the protein from a given pose, and Affinity dG Scoring estimates the enthalpic contribution to the free energy of binding \[[@B57-molecules-25-02903]\].

4.7. Generation of Amantadine-Sensitive and -Resistant Influenza Viruses {#sec4dot7-molecules-25-02903}
------------------------------------------------------------------------

Recombinant influenza A viruses were generated using the reverse genetic system based on the A/Puerto Rico/8/34 (PR8) strain \[[@B30-molecules-25-02903]\] provided by Dr. Y. Kawaoka (University of Wisconsin-Madison, Madison, WI, USA). Viruses were generated, as described previously \[[@B25-molecules-25-02903]\]. Two PR8-derived recombinant influenza A viruses that differed only in M2 were used in this study: PR8~M2(S31N)~ carries M2 protein with V and N at positions 27, and 31, respectively, while PR8~M2(S31)~ carries V and S at positions 27, and 31, respectively.

4.8. Viral Cytopathic Assays {#sec4dot8-molecules-25-02903}
----------------------------

To test the inhibitory effect of compounds on virus replication, MDCK cell monolayers grown in 96-well plates were infected with 50× TCID~50~ of either PR8~M2(S31N)~ or PR8~M2(S31)~ in the presence of compound in DMEM+ containing 0.00075% Difco trypsin (BD Biosciences, San Jose, CA, USA) in quadruplicate, and as described previously \[[@B31-molecules-25-02903]\]. Inhibitory effects were then scored for cytopathic effects, as observed by light microscopy, after 48--72 hours' incubation at 37 °C. For each condition, the resulting inhibitory concentrations were determined from the results from at least three independent experiments.

Inhibitors' effects were also tested by plaque reduction assays as described previously \[[@B25-molecules-25-02903],[@B58-molecules-25-02903]\]. Briefly, approximately 100 plaque-forming units of either PR8~M2(S31N)~ or PR8~M2(S31)~ virus were mixed with test compounds and inoculated on confluent MDCK monolayers in six-well plates. After adsorption for 1 h, cells were washed twice with phosphate-buffered saline and overlaid with DMEM+ containing test compound at defined concentrations plus 0.00075% Difco trypsin and 1% SeaPlaque low melting agarose (Lonza, Richmond, BC, Canada), Following incubation at 37 °C for 3 days, cells were stained with 0.01% Neutral Red (Sigma, Oakville, ON, Canada) to visualize and count the plaques. For each condition, the resulting EC~50~ was determined from the results from at least three independent experiments.
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![(**A**) Chemical structures of amantadine and rimantadine. (**B**,**C**) M2(S31N) inhibitors assembled for VS and determination of shared pharmacophores. Inhibitors were grouped into adamantine (**B**) and non-adamantane (**C**)-class inhibitors.](molecules-25-02903-g001){#molecules-25-02903-f001}

![(**A**,**B**) Alignment of adamantane-class inhibitors (**A**) and non-adamantane-class inhibitors (**B**). Chemical moieties that define shared pharmacophores are highlighted. (**C**) Structures of three p-ANAPL molecules identified with pharmacophores shown in **A**,**B**. (**D**) Structures of five marine and terrestrial natural product molecules with shared pharmacophores. For each compound, the identified RMSD value is shown.](molecules-25-02903-g002){#molecules-25-02903-f002}

![Ability of compounds to restore growth in yeast expressing M2. (**A**,**B**) Restoration of yeast growth in M2(S31N) (**A**) and M2(S31)-expressing cells (**B**) in the presence of the control M2(S31N) inhibitor M2WJ352 and control M2(S31) inhibitor amantadine. (**C**,**D**) restoration of yeast growth in M2(S31N) (**C**) and M2(S31)-expressing cells (**D**) in the presence of natural products shown in [Figure 2](#molecules-25-02903-f002){ref-type="fig"} (compounds **9**--**16**). Effects of chebulagic acid are highlighted in green.](molecules-25-02903-g003){#molecules-25-02903-f003}

![Summary of the expected hydrolysis fragments of chebulagic acid (P1 and P2) used for molecular modelling.](molecules-25-02903-g004){#molecules-25-02903-f004}

![Relative 2D protein-ligand interaction maps of P1 and P2 into M2(S31N) and M2(S31). For each panel, the proposed ligand-protein interactions, amino acids and M2 subunit (**A**−**D**) are described as follows; green arrows are H-bond acceptors, blue arrows are H-bond donors, and green lines are π-π and cation-π interactions.](molecules-25-02903-g005){#molecules-25-02903-f005}

![3D pictures of protein-ligand interactions between P1 and P2 into M2(S31N) and M2(S31). For each panel, the proposed ligand-protein interactions, amino acids and M2 subunit (**A**−**D**) are labelled, with H-bonds shown as pink broken lines.](molecules-25-02903-g006){#molecules-25-02903-f006}

molecules-25-02903-t001_Table 1

###### 

Enthalpic contributions to binding free energy of chebulagic acid hydrolysis fragments to M2, along with interacting residues and M2 subunits.

  Ligand   M2(S31N), Mutant   Interacting Residues in Mutant (M2 Subunits)   M2(S31), Wild Type   Interacting Residues in Wild Type (M2 Subunits)
  -------- ------------------ ---------------------------------------------- -------------------- -------------------------------------------------
  P1       −39.75             His37 (B and D), Gly34 (B and D)               −11.78               Ala30 (A,B and D)
  P2       −30.17             His37 (A and B)                                +47.0                Ala30 (A)His37 (B, C and D)
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###### 

Effects of amantadine, M2WJ352, and chebulagic acid on viral replication, as measured by 50 \* TCID~50~-based cytopathic assay. Results indicate mean ± SD of at least 3 independent experiments with at least 4 replicates per experiment.

  Inhibitory Concentration Required vs. 50× TCID~50~ (µM)   PR8~M2(S31N)~   PR8~M2(S31)~
  --------------------------------------------------------- --------------- --------------
  Amantadine (**1**)                                        \>100           1.8 ± 2.3
  M2WJ352 (**3**)                                           17.6 ± 19.3     \>100
  Agathisflavone (**10**)                                   \>140           \>140
  Thiocillin I (**13**)                                     \>65            \>65
  Chebulagic acid (**16**)                                  17.2 ± 15.2     32.4 ± 24.7
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###### 

Effects of amantadine, M2WJ352, and chebulagic acid on viral replication, as measured by plaque reduction assay. Results indicate mean ± s.e.m. from at least 3 independent experiments.

  EC~50~(µM)                 PR8~M2(S31N)~   PR8~M2(S31)~
  -------------------------- --------------- --------------
  Amantadine (**1**)         \>5             0.16 ± 0.02
  M2WJ352 (**3**)            3.2 ± 1.2       32.7 ± 16.1
  Chebulagic acid (**16**)   60.9 ± 22.0     50.3 ± 26.4

[^1]: These authors equally contributed to this work.
